Many instances occur in microwave measurements where a 2-port calibration is required but a physical through connection is not available. An example is in antenna range measurements, where is sought but it is impossible to perform a complete 2-port calibration. Another example is calibrating out the effects of cable motion in mechanically automated measurements systems, where manually performing a 2-port calibration for each position is impractical. In this paper, we derive a procedure to determine the 2-port S-matrix of an error circuit from 1-port measurements using three non-standard loads. We then derive calibration procedures to remove this error network in both 1 and 2 port scenarios and demonstrate their effectiveness in bench tests.
Background and Formulation
Several techniques exist to calibrate or compensate for cable motion occurring in antenna range measurements [1] [2] [3] . These rely on signals reflected from or known at the end of the moving cable. Similar to these, we use three switched loads and a calibration procedure akin to full vector network analyzer (VNA) calibration, except the 2-port calibration is without a physical through connection.
From signal flow methods for a 1-port network [4] , the input reflection coefficient, Γ , due to a signal path characterized by S-matrix, S, and terminated by a load with reflection coefficient, Γ, is given by Γ Γ 1 Γ Similar to the calibration procedure for a VNA, by using different loads with known reflection coefficients, we can build and solve a system of equations to determine the elements of S. Four equations are required to solve Eqn. (1) for the four elements of S. However, because and occur as a product, they cannot be distinguished algebraically. The same problem occurs when trying to determine the error matrices for full VNA calibration [4] . To remedy this, we assume the path is reciprocal, , so
There are now three unknowns, , , , which can be determined algebraically. As stated in [4] , and can be determined to within a sign. In order to solve for the three unknowns, we write out Eqn. (2) for three different loads and input reflection coefficients, Γ , Γ , Γ , and Γ , , Γ , , Γ , , respectively. The system of equations can be solved by substitution yielding the following three expressions 
Thus, by measuring the input reflection coefficient for three know loads, can be computed with Eqn. (5), from which and are determined by back substitution, and the S-matrix of the signal path is found. If any two loads are identical, the same input reflection coefficient will be measured, and the system of equations becomes degenerate. Thus, the three loads must be distinct in both magnitude and phase for all frequencies at which calibration is required. We can see this formally by noticing that the denominator of (5) goes to zero unless Γ Γ Γ .
This procedure differs from standard VNA calibration because we can determine the Smatrix of a path (or error circuit) from a 1-port measurement with three non-standard loads. If applied to both sides of a 2-port device, a 2-port calibration is possible without a through measurement. Calibration
For practical purposes, the loads are switched with a SP4T switch, shown in Figure 1 . The three loads now used in Eqn. (5) are effective loads formed by the three switch paths and their terminating loads. The fourth switch path is a through-path to the device under test (DUT). The through-path S-matrix, S t-p , must be measured beforehand to be included in the calibration. Assuming S has been found using Eqns. (3)- (5), we want to move the measurement reference plane to the DUT. For a 1-port measurement, this is accomplished by simply inverting Eqn. (2) so we have an expression for the load reflection coefficient in terms of S and Γ Γ Γ Γ 6 , This is used to both check that the known load reflection coefficients can be predicted and to determine Γ . When using the SP4T switch, the error circuit consists of both S and S t-p . The collective S-matrix is found by converting S and S t-p to ABCD matrices, cascading, and converting back to form a single error circuit S-matrix to be used in Eqn. (6), where Γ Γ .
Two-port calibration is accomplished just as with a VNA, where we take out error circuits by inverting a cascaded ABCD matrix model [4] . In Figure 2 , the goal is to recover S DUT when the VNA 2-port calibration can only be accomplished at nodes 1 and 2. S DUT could be the S-matrix between two antennas on an antenna range. S 1 and S 4 are determined using two SP4T switches and Eqns. (3)-(5). These could represent moving cables or signal paths which could not be included in the VNA calibration. S 2 and S 3 are the switch through-paths already measured. S m is the total S-matrix measured by the VNA, and arrows indicate the direction of the measurement.
In order to cascade ABCD the same direction. Assum S 3 ' and S 4 ', are found by Letting A x represent a conv
Inverting this we have
From which S DUT can be fou
We validated both 1-port an test from 0-6 GHz. See F signal paths to be determin reflection coefficients were (8). We used Mini-Circuits were switched with a digita short, 2) short with 1 dB at The short was chosen to ref SNR [2] . The attenuators coefficients from 0-6 GHz particular frequency overlap port DUT was a 75 Ohm lo line length. matrices, the corresponding S-matrices must be m ming S 3 and S 4 are reciprocal, the reverse S-matrice simply swapping the and matrix element verted ABCD matrix, the measured ABCD matrix is g und.
Experiment and 2-port calibration procedures experimentally wit Figures 3 and 4 . Twelve inch SMA cables were u ned using Eqns. (3)-(5). The switch through paths e measured beforehand, and calibrated out using Eq s, SMA connectorized SP4T (ZSWA-4-30DR) switch al TTL controller. The three loads used for calibratio ttenuator, 3) short with 2 dB attenuator and small li flect the maximum signal back down the cable to im s and line length were necessary to create unique , so that if ever the phase of two reflection coeffi pped the magnitude would be different, and vise ver oad. The 2-port DUT consisted of two 3 dB attenuat rt and 2-port experimental setups. Figures 5 and 6 sh ficient, magnitude and phase, respectively, before 8 show the 2-port DUT magnitude and phase, re n. For both setups, the magnitude is recovered, on a phase is recovered, on average, to better than 6 degre 
Conclusion
We have derived and experimentally validated a 2-port calibration technique using three switched loads. The calibration procedure follows closely to that used by a VNA with the exception that there is no physical through connection. This technique is useful for antenna range measurements where a full 2-port calibration is possible near the VNA but a physical through connection is not possible at the ends of cables where the reference planes are desired. The use of a SP4T switch makes this technique applicable to compensate for cable motion in automated measurement systems. 
